The radiations considered here are • photons (energies described by hf, hν, or ω)
• "elastic collisions" where the momentum transfer is large but the energy loss is small, example: Coulomb scattering of charged particles in collisions with nuclei in whole atoms (also called "nuclear collisions").
Particle beams are defined to consist of one kind of particles with parallel trajectories extending over a small area and a small spread in speeds.
Types of collisions
For photons the following collisions can be distinguished [9] :
• photo absorption
• Compton scattering
• positron-electron pair production -discussed in Sect. 3.2
• nuclear interactions.
For charged particles two types of collision are most frequent
• inelastic collisions: particles lose energy by excitation and ionization of atoms or condensed matter (local collective excitations); secondary radiation may be produced, such as secondary electrons (called delta-rays), Auger electrons, photons (fluorescence), Cherenkov and transition radiation, bremsstrahlung, etc.
• elastic (Coulomb or Rutherford) scattering
Nuclear reactions and other types of collisions are infrequent [10] , they will be discussed mainly in Sects. 3.2 and 3.3, e.g. pair production, meson production, nuclear excitations.
Observable effects of radiations
The energy losses and secondary radiations mentioned in Sect. 2.1.2 will result in energy deposition in matter. As far as energy transfer is concerned, it is important to distinguish between the effect on the incident particle, described as an energy loss 1 and the effects on the absorber such as production of excitations and secondary radiations (e.g. delta-rays, photons, phonons) which will result in energy deposition. 2 Photons and neutral particles must produce a charged particle before they can be observed. Low energy photons are an exception because they can produce photo-chemical effects. An example is the observation of light in the retina or in photographic emulsions.
Stopping power dE/dx
Attention must be paid to clear definitions of symbols and concepts. In particular the symbol "dE/dx" describes at least six concepts, such as energy loss Δ, ionization J in a track segment Ref. p. 2 The Interaction of Radiation with Matter  2-3 and also the digital output Q of the electronic analyzing apparatus [13] . Other examples can be found on p. 676 of ref. [14] . Suggestions about symbols for various concepts for TPCs are given on p. 159 of [13] . The original meaning of "dE/dx" was "mean energy loss of fast particles per track segment of unit length" and is used correctly only in low energy nuclear physics [11, 15, 16, 17 ].
Historical background
In the last century most of our knowledge about interactions of fast charged particles with matter was presented as average quantities for particle beams, with a large number of collisions along each particle track [1, 18, 19, 20, 21] .
Most researchers used mathematical-analytic methods to derive averages such as stopping power, ranges, straggling, multiple scattering. Many clever methods were derived to simplify the calculations: sum rules, transforms, various approximations (in particular the use of the Rutherford cross section for inelastic collisions of charged particles with electrons). We are now at a time where calculations with computers permit the solution of many problems with computer-analytic or Monte Carlo methods. These calculations use fewer approximations but they need more detailed information about the absorbers and the collision processes. As an example, for thin absorbers the classical stopping power and Landau functions usually do not give adequate information for practical applications, such as vertex trackers and TPCs [14] . The average quantities have little meaning if segmented tracks of single particles are measured such as in particle identification PID [13] .
There is a close relation between photo absorption processes and cross sections for charged particle collisions. Fermi formulated this in 1924 [22] .
Description of the most frequent interactions of single fast charged particles
The averages of the random distances x i between the collisions along a particle track are called mean free paths λ. They vary widely. For inelastic electronic collisions of protons, e.g. in Si, λ ranges from less than 5 nm to about 250 nm, in gases at NTP λ is a factor of 1000 larger (Tables 2.1 and 2.2). 3 For elastic collisions of electrons 10 < λ(nm) < 2000. The energy losses E in inelastic collisions have a wide range of values. For most applications, the smallest energy losses are of the order of 10 eV. It is practical to consider small energy losses as less than 100 eV. Of the order of 80% of all energy losses in single collisions are small [13] . The largest energy loss in a single collision for an electron with rest mass m is usually considered to be half its energy, for a positron it can be its full energy. For heavier particles with rest mass M and speed v there is a maximum energy loss E M to an electron given in the non-relativistic approximation by
The relativistic expression is E M = 2 m c 2 β 2 γ 2 1 + (2γm/M ) + (m/M ) 2 , (2.2) where β = v/c and γ 2 = 1/(1 − β 2 ) and β 2 = (βγ) 2 /(1 + (βγ) 2 ). The average energy loss E per collision in light elements for 0.05 < βγ < 100 is between 50 and 120 eV.
For elastic collisions the energy losses for heavy particles are small. The major effect is an angular deflection which usually is small. For electrons large deflections and energy losses can occur, but are infrequent.
Narrow beams and straggling of heavy charged particles
For beams of particles (kinetic energy T , speed v = βc) traversing an absorber the initial energy spectrum φ(T ) will broaden due to the random number of successive collisions and the large spread in random energy losses E. This process is called straggling. The lateral extent of the beam will broaden due to random multiple elastic collisions, and the number of particles in the beam is reduced by nuclear interactions. Frequency or probability density functions (pdf) are needed to describe the properties of the beam along the tracks of the particles.
A schematic representation of the traversal of ten heavy charged particles through a thin absorber is given in Fig. 2.1 . Multiple inelastic collisions are seen. For clarity elastic collisions are not included. The collisions are simulated in a Monte Carlo calculation where for each collision, shown by a symbol, two random numbers are used to give first the distance x i from the previous collision, then the energy loss E i , see Sects. 2.5-2.7. This scheme is similar for all absorbers, all particles and all types of collisions. In successive collisions there is a large spread in energy loss E and angular deflections. Spectra of energy losses are given in Sects. 2.6-2.8. For asymmetric pdf (or "spectra") the mean values may not have much meaning, the most probable or median value will be more suitable for a description.
Long tracks can be divided into n short segments and average values of the Δ j of the segments can be used. By eliminating a fraction of the largest Δ j a truncated mean [13] can be determined for each track, see Sect. 2.10.
Narrow beams of low energy electrons
Because the mass of electrons is small, they can be scattered by as much as π in a single collision. Both elastic and inelastic collisions can cause large deflections of the electrons. Electrons therefore can be back-scattered out of absorbers. Examples of tracks of back-scattered electrons are shown in Fig. 2. 2. Similar tracks have also been described for low energy protons [23] .
Relation between track length and energy loss
In traveling along a track, Fig. 2 .1, the distances between collisions and the energy losses are both random and have no correlation. From Fig. 2 .1 it is evident that an exact segment length x can be defined (except for uncertainties of atomic dimensions), but the total energy losses Δ j will have a range of values, as shown in Fig. 2 Two symbols are used to represent energy losses: o for Ei < 33 eV, × for Ei > 33 eV. Segment statistics are shown to the right: the number of collisions for each track is given by nj, with a nominal mean value < n >= x/λ = 6. The total energy loss is Δj = Ei, with the nominal mean value Δ = x dE/dx = 486 eV, where dE/dx is the stopping power, M1, in Table 2 .2. The largest energy loss Et on each track is also given. The mean value of the Δj is 325 ± 314 eV, much less than Δ . Note that the largest possible energy loss in a single collision is EM = 13 MeV, Eq. (2.2). MC calculation, as described in Fig. 2.3 . Correspondingly the straggling functions are different. This is shown in Fig. 2 .4. The pdf of energy loss for the particles described in Fig. 2 .1 traversing x = 9 cm is given by the solid line in Fig. 2.4 , the values of x associated with each energy loss Δ in Fig. 2.3 are given by the dotted line.
Nuclear interactions
Particle deflections by elastic nuclear collisions for heavy particles lead to multiple scattering, [24] . For electrons, see Sect. 2.3.2 and [25] . Inelastic nuclear collisions are nuclear reactions. For protons with T > 20 MeV a rough approximation for the mean free path for nuclear reactions is [9, 27] 
βγ=3.6, Δ<9 keV Monte Carlo simulation of the passage of 500,000 particles with speed βγ = 3.6 through Ne (similar to Fig. 2.1 ). The final energy loss Δ of the particles is 9 keV or less. It is given by the sum of Ei before the next collision produces a sum larger than 9 keV. The spectrum of the energy losses is f (Δ), given by the solid line, the cumulative spectrum is F (Δ), dotted line, with ordinate scale at right. Note that the track length for each particle is different, Fig. 2.4 .
from the beam, and reaction products will remain. For particle beams a description in terms of a beam attenuation will be instructive. The dashed line gives the pdf of energy losses Δ in Ne for a segment length x = 9 cm for the 500,000 particles described in Fig. 2 .1, Δ = (sc/10) keV. The peak value is at about 8.5 keV, the FWHM is 4.6 keV. The solid line gives the pdf of the segment length x = sc mm of particles which lost Δ ≤ 9 keV, as described in Fig. 2 .3. The peak is at 86 mm. The two functions have opposed asymmetry, and they have no correlation. It will be difficult to compare the functions by using stopping power. It may be possible to measure these spectra with a GEM TPC [4, 24] . The quotient of the peaks is 1 keV/cm, much less than M1 = 1.6 keV/cm.
Photon interactions
The principal photon interactions are Rayleigh scattering, photo-electric and Compton effect, pair and meson production and nuclear disintegration. The important energy ranges are 0 to 100 keV for photo absorption, 0.1 to 5 MeV for Compton scattering and above 5 MeV for pair production. These limits increase with Z. Detailed descriptions can be found in [9, 26] . The main need is for photo-absorption data for the use in the calculation of the energy loss spectra for charged particle interactions described in Sects. 2.5 and 2.6.
Compton effect and pair production are described in detail in e.g. Ch 3 of "Radiation Dosimetry" [9, 27] . A more detailed theoretical study of Compton profiles can be found in [29] . See also Sect. 3.2. A schematic representation of the photo-absorption of a photon in an atom is given in Fig. 2 .5. For photons with energies below the ionization potential excitations are produced. They must be included in the calculations described in Sect. 2.5. 4 In a gas mixture such as Ne, CO 2 and N 2 used for the TPC in ALICE the excited states in Ne extend from 16.7 to 21.6 eV, well above the ionization potentials of the molecules (13.8 and 15.6 eV) and therefore can de-excite by ionizing the other molecules (Penning effect) [28] . Furthermore in measurements (of, e.g. stopping power and W , energy needed to produce one ion pair [30] ) it is not possible to exclude the effects of the excitations.
Gases
The quantity used for the description of photon collisions [31] resulting in ionization (continuum excitation states) is the dipole oscillator strength (DOS) f (E; 0) where E = hν = ω is the photon energy and the momentum transfer q = 0. It is related to the photo-ionization cross section σ γ (E)
where a 0 =52.9 pm is the Bohr radius of the H-atom, R=13.59 eV the Rydberg energy. For excitations to excited states with energy E n the symbol f n is used. In gases the excited states contribute of the order of 5% to the total DOS [32] . The absorption coefficient μ(E) for electromagnetic radiation is
where N is the number of atoms per unit volume [9, 31] 
Solids
Fano [20] described a method to extend the oscillator strength approach to condensed materials by using the complex dielectric constant (ω) = 1 (ω) + i 2 (ω) of the absorber, where ω represents the energy loss by the virtual photon [34] . The DOS for solids is related to the dielectric constant as follows [35, 36] f
with the plasma energy Ω p of a free electron gas Ω 2 p = 4π 2 e 2 NZ f /m, Ω p = 28.8 (ρZ f /A) eV (2.7)
where ρ(g/cm 2 ) is the density of the solid with atomic number Z and atomic mass A(g). The number Z f is the number of electrons which represent the free electron gas (e.g. Z f = 3 for Al, 4 for Si). 5
Data for DOS
Most DOS data are derived from measurements. Examples for several gases are given in Figs. 2.6 and 2.7. Evaluated data for about 30 gases can be found in Berkowitz [32] . They have been used to derive mean excitation energies I [40] (see Appendix A). DOS data have been derived from measurements with electron microscopes [6] . The method is described in [5] .
For E > 100 eV tables given in [26] are at present the most easily accessible. Calculations of (ω) have been given for Li and diamond in [41] . The X-ray absorption fine structure is discussed in [42] .
Data for solids are given in the Handbook of optical constants of solids [43] . 
Interaction of heavy charged particles with matter
The most frequent interactions occur between the electric charge ze of a particle and the electrons of matter resulting in an energy transfer E by the particle in inelastic collisions. The energy is transferred to excited states of atoms, single free electrons (delta rays) or to many electrons as a collective excitation. Photons can also be produced, such as Bremsstrahlung (BMS). Secondary radiations produced are: delta rays, Auger electrons, fluorescence, Cherenkov or transition radiation. Details about their effects are given in Sect. 2.9.
In many descriptions of the process the Rutherford or Coulomb collision cross section [9, 44, 45, 46] σ R (E) is used as a first approximation [7, 2, 3, 48] 
For the interaction of a heavy particle with charge ze, spin 0 and speed β = v/c colliding with an electron at rest it can be written as 6
where m is the rest mass of an electron, and E M ∼ 2mc 2 β 2 γ 2 the maximum energy loss of the particle, Eq. (2.2). Note that the mass of the particle does not appear in Eq. (2.8) [9] . This cross section has been used by Landau [2] , Vavilov [3] and Tschalär [48] as an approximation for the derivation of straggling functions. The approximation is quite good for large energy losses, Figs. 9, 12, 15. Details are given in Appendix B.
Inelastic scattering, excitation and ionization of atoms or condensed state matter
For inelastic collisions the electronic structure of the atoms in the absorber (especially binding energies of the electrons) is important because energy transfers E change these structures. The collisions are also called the inelastic scattering of the particles. Two methods will be discussed in the following. For a quantitative description the Bethe-Fano method [7, 19, 20, 34, 50, 51] is closest to reality. The Fermi-Virtual-Photon method [7, 19, 20, 34, 50, 51] [35] or the Moller and Bhaba cross sections are introduced [52, 51] . The straggling functions given in Figs. 2.23-2.27 will be the same for electrons and heavy particles. The effect of Bremsstrahlung [52, 13] is described in Sect. 2.6.
Bethe-Fano (B-F) method
Bethe [19] derived an expression for a cross section doubly differential in energy loss E and momentum transfer K using the first Born approximation for inelastic scattering by electrons of the atomic shells. Fano [20] extended the method for solids. In its nonrelativistic form it can be written as the Rutherford cross section modified by the "inelastic form factor" [20, 53] :
where Q = q 2 /2m, with q = K the momentum transferred from the incident particle to the absorber, and F (E, K) is the transition matrix element for the atomic excitations or ionizations. For large momentum transfers (peak in Fig. 2 
The relativistic expression is given by Eq.
and Eq. (2.9) then is written as Calculations of GOS have been published by Inokuti [53] and Bote and Salvat [51] . A detailed study was made for Al and Si [34, 54] . An example of f (E, K) is shown in Fig. 2 
with Q min ∼ E 2 /2mv 2 . The dependence on particle speed v enters via Q min . In our current understanding, this approach to the calculation of σ(E) is closest to reality. 7 Because of the factor 1/Q in Eq. (2.12), the accuracy of f (E, 0) ( Fig. 2.7 ) enters significantly into the calculations of cross sections and M 0 , Eq. (2.25).
Relativistic extension of B-F method
The basic equation for the doubly differential cross section is [20, 34] 
gives the kinetic energy of the secondary electron produced in the collision, | F (E, q) | 2 represents the interaction matrix element for longitudinal excitations, and | G(E, q) | 2 represents that for transverse excitations [51, 34] .
Similar to Fano [20] , the cross section differential in E is divided into four parts. 
and
are used to get [34] 
These integrals are calculated once and then stored numerically (Eq. (2.11) in [34, 55] ).
• The last contribution is from low Q excitations in condensed materials. It is described in detail by Fano [20] . For longitudinal excitations Eq. (2.14) is replaced by
This term is equivalent to the third term of Eq. (2.24), except that Q 1 is replaced by E, i.e. in Fig. 2.8 f (E, 0) extends to the delta-function instead of only to Q 1 = 1. 9 For transverse excitations the contribution is Eq. (47) in [20] , using Eqs.
. This is the same equation as the first two terms in Eq. (2.24). • The total cross section differential in energy loss E is given by Eqs. (2.14-2.21)
The function calculated with Eq. 
Fermi-virtual-photon (FVP) cross section
The GOS of The FVP calculation is based on the use of photo absorption cross section σ γ (E) (where E = ω is the photon energy) and of the dielectric function (ω) = 1 (ω) + i 2 (ω) [22, 20] .
The differential collision cross section in the non-relativistic approximation is given by [56] σ
This model has the advantage that it is only necessary to know the DOS for the absorber, or, equivalently, the imaginary part Im(−1/ ) of the inverse of the complex dielectric function . Data for can be extracted from a variety of optical measurements [60, 43] . In addition, Im(−1/ ) can be obtained from electron energy loss measurements [61] . A detailed description of the relativistic PAI model is given e.g. in [56, 62] . The relativistic cross section is given by 10 is assumed to be equal to 1.0 in [56] because large energy losses E are unimportant in that context. 11 An example of σ(E) for P10 gas is given by the solid line in Fig. 2 .10, for Ne in Fig. 2.11 .
For silicon detectors it is seen in Table 2 .1 that Σ t = M 0 calculated with FVP theory differs by about 6 to 8 % from the B-F theory 12 while the difference for M 1 is less than 1%. 13 In measurements of the ionization in TPCs the difference in M 0 , Tables 2.3 and 2.4, (see its importance in Eq. (2.27)), may disguise for example the uncertainty of the energy W (T ) to produce an electronion pair (at least ±2%) and its dependence on particle energy T [30] .
For the calculation of straggling functions f (Δ; x, v), Sect. 2.7. for energy losses Δ of particles with speed v in track segments of length x the FVP differential single collision cross section spectrum σ(E; v) is used here, temporarily, as a reference function.
Cross sections calculated with several expressions are given for Si in Fig. 2 [49] . 11 For gases, 2 and 1 − 1 are proportional to the gas pressure p, therefore from Eq. (2.24) we must expect that the straggling function for a segment of length x 1 p 1 will differ from that of a segment of length Fig. 1 .20]. 12 The difference is caused by the approximation shown in Fig. 2 
Integral quantities: moments and central moments
The moments of the collision cross sections are defined by
where N is the number of electrons per unit volume, and ν = 0, Numerical values of M 0 (βγ) and M 1 (βγ) are given in Table 2 .1 for Si, calculated with both methods given above, and in Table 2 .2 for P10 and Ne. From Table 2 .1 the differences between the B-F and FVP methods seen in Fig. 2 .9 cause quantitative differences in the moments. The difference between B-F and FVP is ∼6% for Σ t , 0.3-0.9 % for M 1 and ∼ 3% for Δ p . The classical formulation of dT /dx and some details are given in Appendix A. The practical use of dT /dx is described in Sects. 2.7.1 to 2.7.3. For Z<20 the average energy loss E (β) per collision is between 50 and 120 eV.
The higher moments can be used to calculate the shape of straggling functions for large energy losses [64, 48, 46] . But, for thin absorbers, even M 1 (v) will result in misleading information, see Fig. 2 .25. The dependence of M 0 (βγ) and M 1 (βγ) on particle speed is shown in Fig. 2.17 .
An important function is the cumulative moment 
Comparison of moments: Si, Ne, P10
For silicon absorbers it is seen in [66] .
In measurements of the ionization in TPCs the difference in M 0 (see its importance in Eq. (2.33)), may disguise for example the uncertainty of the energy W (T ) to produce an electron-ion pair (at least ±2%) and its dependence on particle energy T [30] 
Electron collisions and bremsstrahlung 2.6.1 Electronic collisions
For electrons and photons interaction models more sophisticated than described in Sects. 2.4 and 2.5 are given in [67] . In general the methods to calculate energy losses Δ, Fig. 2.1 , for heavy ions given in Sects. 2.5 and 2.7 will be reliable for electrons in thin absorbers. Thin means that the number of collisions in the absorber by the other interactions (BMS, Cherenkov, pair production etc.) are less than ∼ ten. For Si this was considered in [13] . For thick absorbers these interactions become important and energy loss spectra must be calculated with Monte Carlo simulations. For 15 < T (MeV) < 1000 the approximation
with a and b from Table 2 .5, reproduces the "collision" dT /dx of ref. [52] to within 2%.
Bremsstrahlung BMS
The atomic differential cross section for production of BMS of energy E by electrons with kinetic energy T is given by [ For a discussion of the "average properties" of the BMS energy loss in the traversal of fast electrons through an absorber the moments (Sect. 2.5.2) are used (N = ρN A /A is the number of nuclei/cm 3 , Nχ is the inverse of the radiation length)
(2.29)
We get
M 0 is the total collision cross section (CCS) and λ(T ) the mean free path between collisions. This is the important quantity for the calculation of BMS spectra. There is little use for the BMS ("radiative") stopping power M 1 and none for M 2 . Data for T 0 = 1 GeV electrons are given in Table 2 .5, assuming E l = 100 eV. 18 The contribution to M 0 for BMS photons between 0.001 eV and 10 eV for Pb is 18 col/cm and to M 1 it is 20 eV/cm. This effect is disregarded. In order to demonstrate the statistics of the radiative BMS losses, a MC calculation for 20,000 electrons traversing a Si absorber 50 cm thick was made [55] . The small values of M 0 lead to large spreads in the pdf, but they are similar in shape. To simplify the simulation, angular deflections are neglected and the BMS photons produced are assumed to escape from the absorber. The error of the calculations is of the order of 10%. Results • The total energy loss of the electrons in the Si is 1000 MeV.
• The pdf for the number of BMS collisions per track is asymmetric, with values between 2 and over 90, with a median value of n B = 35 and a FWHM of 35.
• The pdf of the lengths l of tracks of the electrons are asymmetric, with values between 0 and over 50 cm, with a median value l m = 24 cm (approximately equal to n B · λ = 22 cm, but much less than the "csda range" R =32.5 cm in [52] ), and a FWHM of 24 cm.
• The pdf for the energy losses due to electronic collisions is given in Fig. 2 Conclusion: the only "average" quantity needed for dealing with BMS is the total collision cross section M 0 . The pdfs described above have no evident relation to M 1 .
Energy losses along tracks: multiple collisions and spectra
A quantitative description of the multiple collisions shown in Fig. 2.1 can be given by three quantities: the number of collisions n j for each particle track j, the total energy loss Δ j and the maximum energy loss E t inside the track segment of length x j . The quantity Δ j /x does not provide any further information. If we calculate the collisions for a very large number of particles, with the same speed and traversing the same segment lengths, we can derive probability density functions P (n) and P (Δ). P (n) is the straggling function for collisions. It is a Poisson distribution [7, 9, 58, 70 ]
where m c = x · M 0 (v). The straggling function for energy losses is [70, 71] Clearly straggling functions will depend greatly on the mean number m c of collisions, and to a lesser extent on the particle speed βγ. The measurement of straggling functions can be for selected tracks, such as in a TPC (e.g. Sect. 14 in [13] ), or for particle beams [34, 72, 73] . Monte Carlo and analytic methods can be used to calculate straggling functions. They are described next.
Monte Carlo method
The interactions occurring during the passage of the particles through matter are simulated one at a time, collision by collision [65] , and include secondary collisions by the δ-rays produced. For the calculations shown in Fig. 2.1 , the following procedure was used. A particle j travels random distances x i between successive collisions, calculated by selecting a random number r r and determining the distance to the next collision from the mean free path between collisions λ = 1/Σ t (v)
The energy loss E i is selected with a second random number from the integrated collision spectrum, Eq. (2.26), shown in Figs. 2.13 to 2.16. This process is repeated until
x i exceeds the segment length x. The total energy loss Δ j of the particle is Δ j = i E i . To get E i practically, the inverse function E(Φ; βγ) of Φ(E; βγ) is calculated with e.g. cubic spline interpolation [55] . By binning the Δ j the straggling function f (Δ) is obtained [55, 74] .
The Monte Carlo method can be used for all absorber thicknesses, but with decreasing particle speed [55] it is necessary to change λ(v) and Φ(E; v) (Figs. 2.13-2.15) at appropriate values of v. It may not be very practical for very thick absorbers, e.g. for the full range of 200 MeV protons in water (R ∼ 25 cm) the number of collisions is of the order of three million. In order to get reasonable straggling functions, tracks for a million protons may be needed [75] . 20
Analytic methods
In order to use analytic methods we must consider a large number of particles (charge z, mass M ) with the same speed v traversing the exact same length y of track [78] . 21 The methods are described in a fashion suitable for numerical calculations. The particles traverse an amorphous absorber consisting of atoms Z, A, as shown in Fig. 2 .21. For thin absorbers and monoenergetic charged particle beams two methods to calculate straggling functions are described next: convolution and transform methods. "Thin" means that the change in v in traversing ξ can be disregarded. 19 For the Rutherford cross section these function are shown in [58] . 20 For condensed history MC calculations Landau or Vavilov functions [2, 3, 76] are used frequently [77] . Attention must be paid to the condition for the applicability of these functions described, in Sect. 2.7.3. 21 For a single particle track the only possible description is that shown in Fig. 2.1 Fig. 2.20 . Same as Fig. 2.19 , but for solid Si, and for n up to 5. The plasmon peak at 17 eV appears in each spectrum at E = 17n eV, and its FWHM is proportional to √ n. The structure at ∼ 2 eV appears at 2 + 17(n − 1) eV, but diminishes with increasing n. For n = 6 (not shown) the plasmon peak (at 102 eV) merges with the L-shell energy losses at 100 eV, also see Fig. 2 .24.
Convolutions
With the convolution method [7, 34, 58, 71, 70] the straggling function for short track segments ( Fig. 2.1 ) can be calculated with Eq. (2.33) 22 For a faster calculation the absorber doubling method. can be used. A first step is made with an absorber of thickness x so thin that m c 1 in Eq. until the desired thickness x is reached. 23 For thicker absorbers another analytic method is given in Sect. 2.7.3. Because of the structure of the collision spectra, Figs. 2.9-2.11, the straggling functions f (g; x) used in the convolutions must be selected according to the classification described in Sect. 2.8.
Laplace transforms
The use of Laplace transforms for the solution of the transport equation was introduced by Landau [2] and Vavilov [3] . For details see Appendix B.4. The method was described and compared to the convolution method in [7] . Here the symbol V (x, Δ, T ) is used to indicate that Vavilov functions are used. The corresponding symbol in Eq. (2.33) is f (Δ; x, v) where T corresponds to v. 24 The use of fast Fourier transforms has also been suggested. The complexity of the single collision spectra seen in Figs. 2.9-2.11 has discouraged us from using transforms. 25 
Analytic methods for thick absorbers
These are absorbers in which the kinetic energy T of the particles changes considerably inside the absorber, Fig. 2 .21. Straggling functions for thick absorbers can be calculated if the energy loss (straggling) spectrum V (ξ, Δ, T + Δ) for thin absorbers of thickness ξ is known for all T and ξ. 26 For one track segment ξ a convolution integral for each energy interval T, T + δT between T 1 and T 2 is calculated (s is the range in Δ of V (ξ, Δ, T + Δ), Fig. 2.22 )
where V (ξ, Δ, T ) is calculated with the analytic methods. These equations can be considered as transport equations. The process is illustrated in Fig. 2.22 This method is of the order of 50 times faster than corresponding MC calculations.
Evaluations and properties of straggling functions
Suitable methods must be chosen for different applications. One of the classification that can be used is to sort according to absorber thickness, as is evident from . For 2 collisions it broadens and shifts to about 43 eV, marked c, and for n = 3 it can be seen at d. It may be noted that the peak at 11.7 eV (if the function is normalized to unit area) is exactly proportional to mce −mc , as expected from Eq. (2.33). Energy losses to L-shell electrons of Ar, at 250 eV in Fig. 2.10 , appear at e, for x = 1 mm they have an amplitude of 0.04. The δ-function at Δ = 0, n = 0, Eq. (2.34), is not shown. For x = 1 mm, it would be e −mc = 0.05. For x > 2 mm peak c has disappeared, peak d is the dominant contribution and defines the most probable energy loss Δp. The buildup for peak e at 440 to 640 eV is the contribution from L-shell collisions. It appears roughly at 250 eV plus Δp. The total cross section for collisions with E > 250 eV is only 1.7 collisions/cm, thus the amplitude of the peak e is roughly proportional to x. The Bethe mean energy loss is 250 eV/mm.
tions are described below. Also it is interesting to find for what applications the Rutherford cross section is sufficient.
Very thin absorbers
Micro pattern detectors, e.g. gas electron multipliers (GEM), permit the observation of track segments of the order of 0.1 mm [4, 24] . With mean free paths λ of the same order of magnitude (e.g. for βγ ∼ 0.5, i.e. 50 keV electrons or 100 MeV protons, λ = 0.1 mm in P10 gas, Table 2 .2), there will be only one collision on the average per GEM [79] . Therefore the structure of the single collision spectrum (Figs. 2.9-2.11 and 2.13-2.16) will cause a large variation of the energy loss spectra for small numbers m c , Eq. (2.32). Examples of such spectra are given in Fig. 2 .23 [13] . For Si, a spectrum for particles with βγ = 2.1 traversing x = 1 μm is given in Fig. 2.24 . Such spectra have been described earlier [7, 74] and have been measured [8] . 27 Structures of this type are also observed in measurements of straggling effects on resonant yields of nuclear reactions, called the "Lewis effect" [80] .
Track segments for which m c < 50 must be considered to be very thin, and only the convolution method will produce reliable spectra. Examples: for particles with the smallest values of M 0 , (i.e. βγ ∼ 15 for Si, βγ ∼ 4 for Ne and P10 gas (see Tables 2.1 and 2. 2) very thin thicknesses are
2.23 and 2.24 it is evident that no simple description (e.g. "Landau type functions") can be given for straggling functions for very thin absorbers. 28
Thin absorbers
If the mean number m c of collisions is greater than about 50, the straggling functions begin to approach the Landau-Vavilov shape, but are broader. Again, only the convolution method will produce reliable spectra. An example is given in Fig. 2.25 . It is possible to approximate these spectra with Vavilov functions by taking into account atomic binding, as shown in Fig. 2.24 and outlined in [34] . 29 The clearest two-parameter description for the spectra is given by the most probable energy loss Δ p and the width w of f (Δ). A dependence of Δ p on x was derived by Landau [2] and can be seen in Fig. 2.26 . The functions f (Δ) customarily are called "straggling functions" [58] or straggling spectra, except in high energy physics where they are called "Landau functions" in a generic sense. Here, "Landau function" is used only to designate the function described in [2, 81] and shown in Figs. 2.24, 2.25 by the dotted line. The upper limit for "thin" absorbers is given by the sensitivity of the convolutions to the change in speed of the particles in the absorber, e.g. if the mean energy loss exceeds 5 or 10% [48] . The abscissa is Δ/x. For the full spectrum extending to 13 MeV, the mean energy loss < Δ/x > is the same for all x. The trend of Δp/x with particle speed is shown in Fig. 2.17 . For Si see Fig. 27 .7 of [24] . In order to show the change in shape clearly the functions are scaled to the same peak height.
Thick absorbers
If the particles stop in the absorber the length of the track is called the range. 30 The method described in Sect. 2.7.3, Eq. (2.30), can be used for any absorber thickness if suitable thin straggling functions V (ξ, Δ; T ) are used. For the practical implementation a large number of V (ξ, Δ; T ) can be calculated initially for several values of ξ for several ranges of T . An alternative is to use a scaling procedure, Sect. 2.8.2 in [13] to relate different V (ξ, Δ; T ). If the Vavilov-Fano functions can be used, the mean energy loss values and their distribution functions for a full track should be a good approximation. Tschalär [48] used the Rutherford cross section and its moments (Appendix B.1) to calculate energy loss straggling functions for thick absorbers. Good agreement with experimental measurements has been found [83].
Comparisons of spectra
For the analysis of ionization data from detectors it is desirable to use straggling functions calculated with Eq. (2.33) rather than Gaussians or "parameterized Landau functions", Fig. 2 .27. Functions calculated with the Bethe-Fano method, Sect. 2.5.1.1, agree with measurements to better than 1% [34] . They should be used to diagnose the operation of the detectors and to calibrate the ionization signals from them absolutely. 31 Because of the errors in the calculation of M 0 , Tables 2.3 Fig. 15 of [34] ) to fit at the points defining the FWHM w. This is a fit similar to the one obtained from ROOT [85] . 30 The mean track length of a particle beam is frequently called the csda range. The projected range is the mean distance traveled by the particles along the incident direction of the beam. 31 Calibrations with radioactive sources can be used as corroboration.
Energy deposition
The secondary radiations produced in the energy loss process (delta rays, Auger electrons, Bremsstrahlung, Cherenkov and transition radiations) will deposit their energy at some distance from the location of the collision. Clearly the effects will depend on the volume under observation [86, 87] .
In some detector geometries typical dimensions are of a 0.1 mm scale [4, 24] . The effective range of the secondary radiation will be needed for the calculation of energy deposition. Some data are given in the following sections. Usually few of the secondary radiations are produced, in particular note that large energy losses are infrequent, Fig. 2 .16.
Ionization
Energy deposition in gases can result in ionization by the formation of electron-ion pairs. In some solids, electron-hole pairs can be produced. The process is quantified by determining an average energy W to produce a pair [30] . 32 The processes are complex [28, 74] . In particular, for mixed gases (P10, ALICE-TPC mix) the possibility of Penning ionization requires the inclusion of excited states of the gas atoms in the calculation of collision cross sections. Furthermore it has been found that W increases with decreasing particle speed [30, 88] . We have been discouraged by results of "calculations" of W [89] . It is customarily believed that w(β) is constant for β 0.1. I estimate the uncertainty of this assumption to be at least ±2% for gases. It may be less for Si [34] .
Delta rays
If in an inelastic collision of a particle with an absorber the energy loss E exceeds the ionization potentials J j of the atoms a secondary electron with energy E δ = E − J j is emitted. Such an electron usually is called a delta ray. Evidently delta rays will also collide in the absorber. If radiation effects are observed in small volumes (e.g. GEM detectors) some of E δ may be deposited elsewhere [86] .
For energy losses E greater than about 10 keV the collision cross section can be calculated with the Rutherford approximation, using Eqs. (2.8) or (2.45) . This can be seen in Figs. 2.9 and 2.11. Estimates can also be obtained from Φ(E) in Figs. 2.13 to 2.16. As shown in Fig. 2 .1 the tracks produced by delta rays will have no regularity. An analytic treatment (such as the restricted energy loss, Appendix A.3) may not have much meaning. The practical range of electrons [27, 90] may help in assessing delta ray problems. Values are given in Table 2 .6.
The energy deposition by low energy electrons is a complex process [92] . For electrons with T <50 keV the energy deposition extends over a spherical volume tangent to the point of entrance into the absorber, Fig. 2.2 . The diameter of the sphere is of the order of the "practical range," considerably smaller than the path-length ("continuous-slowing-down-approximation" or CSDA range) calculated with the stopping power [52] . A useful reference is [91] . Table 2 .6. Practical ranges R (cm for gases, μm for Si) of electrons with kinetic energy T in P10 gas, Si and Ne. The density, ρ = 1.56 mg/cm 3 for the P10 mixture (90% Ar, 10% CH4), for Ne ρ = 0.91 mg/cm 3 at 740 torr and 293 K is used. Ranges Rc calculated with CSDA for P10 are also given [52] . For E > 50 keV, effective ranges were calculated with the algorithm given in [91] . For E < 10 keV, experimental effective ranges measured for nitrogen [92, 93] were assumed to be the same for argon (with an uncertainty of 10%). Between 10 and 50 keV, calculated ranges ( [91] ) were reduced smoothly to the experimental value at 10 keV. The uncertainty of R is about 20%. 
Auger electrons and photons
Energy losses to inner shells i of atoms will leave vacancies in the shell. If the energy loss E exceeds the ionization energy I i of shell i, a delta-ray with energy E −I i will be produced. The probabilities for these energy losses are small, see Figs. 2.13-2.16. The subsequent electron-rearrangement of the atom can produce the emission of an X-ray or an electron (Auger electron) [94] . For the K-shell in Ne about 2% of the vacancies emit an X-ray, in Si it is 5%, in Ar ∼ 10%. The energy of the emitted particle will be E A = J K − J L , with another Auger electron with E A = J L − J M . Because these collisions are infrequent a MC calculation is needed for a simulation of the processes in small volumes, also see Sect. 2.9.1.
Cherenkov radiation
If in a material with index of refraction n, the speed v of a particle exceeds the speed of light c m = c/n, the energy loss of the particle may be converted into photons. This secondary radiation is called Cherenkov radiation CR [95] . An explanation of Cherenkov radiation was given by Fano [20] . Consider the transverse excita-[Ref. p. 2-39 tions given by Eq. (2.21). If in tanΘ = β 2 2 /(1 − β 2 1 ) the term (1 − β 2 1 (E)) is negative, i.e. β 2 1 (E)) > 1, a photon with energy ≈ E is emitted at an angle ψ given by cos 2 ψ = 1/β 2 (E). 33 Data for P10 gas at 1 atm have been extracted from calculations with Eq. (2.22): CR will appear at βγ ∼ 28 with energy E = ω = 11 eV. At βγ ∼ 100 the range of energies is from 9 to 16 eV, and the total cross section is about 3% of M 0 (Table 2. 2), for βγ ∼ 40 it is 1%. The energy loss to CR is 0.1% to 0.4%. This effect is a small contribution to a straggling function, Fig. 2.27 . The relation of Cherenkov radiation and density effect is discussed by Crispin and Fowler [96] . Applications to particle identification are discussed in Sect. 2.3.3.
Transition radiation
Transition radiation is produced at the interface between a dense and a dilute material. It is especially useful for the detection of particles with high speeds, say γ 1000. A description of its theory and practical use is given by Dolgoshein [97] . Its use for particle identification is presented in Sect. 2.3.3.
Ion beams
Ion beams are mainly used in two applications: radiation therapy and measurements of stopping powers and ranges. We consider the direct observation of the energy deposition and its relation to the energy loss. Consider the particle fluence
where dN is the number of ions crossing an area dA perpendicular to the beam direction. Several energy loss processes and their relation to energy deposition have been considered or calculated:
• Multiple scattering. If the beam area is much larger than the lateral spread due to multiple scattering [98] a correction is only needed for the projected track length [99] . For a narrow beam ("pencil beam") a more detailed simulation must be made [100] .
• Inner shell excitations. The decay to the ground state of the atom can result in the emission of a photon ("fluorescence radiation") or an Auger electron (probability for Z < 20 more than 80%, for Z = 30 about 50%, for Z > 60 more than 90%, [9, 94] ).
• Large secondary electron losses.
Particle ID
If charged particles traverse an absorber in a magnetic field, the momentum of a particle can be measured from the curvature of its track. Since the energy loss depends only on the particle speed, the mass of the particle can then be determined. Specific approaches to optimizing the measurement of the energy loss are given in [13] . Other descriptions for these measurements are given in [14] .
Discussion and recommendations
The evaluation of the interactions of radiations with matter is done at present with computer programs [55] , many based on Monte Carlo calculations, such as GEANT 4 [101] , PENELOPE and many others. In principle though it is probably more appropriate to calculate intermediate results or functions with computer analytic methods, then use tabulated functions for further analysis of a given process. If a MC simulation is used and if computer analytic calculations are possible, it would be a good idea to compare results of the two methods. Example: simulate the truncated mean of the energy loss of particles of a given speed for a segmented track (e.g. in a TPC). First step: calculate the probability density functions for the energy losses analytically (Figs. 2.13-2.16 ), then use a MC simulation to obtain the spectra for the truncated mean [13] . It must be kept in mind that evaluated quantities, such as stopping power, range, classical straggling parameters can only give qualitative information for a single particle. The actual process is of the nature shown in Fig. 2.1 . For thin segments the energy loss function is best described by the most probable energy loss and the width of the straggling function, Figs. 2.23-2.27. For a single particle there will be one single point on the abscissa of e.g. Fig. 2 .27, located between 1 and 2 keV with probability of 50%. For very thin segments there is even less information available: Fig. 2 .23. It must be kept in mind that dE/dx is an average of the energy losses per unit segment length for single particles, Δ/x, as shown in Fig. 2.1. From Fig. 2 [20] .
Appendix

A Stopping power and track length
In practice there will be little need to calculate M 1 (v) for the uses described in this book. Tables for protons and alpha particles for many absorbers are available [66, 21] , also for muons [10] .
A concept often used in particle physics is "minimum ionizing particles". This usually refers to the minimum value of M 1 (βγ). For Si this minimum is at βγ ∼ 3.5, but for Σ t = M 0 it is at βγ ∼ 16, and for Δ p /x it is at βγ ∼ 4.5 ( Stopping power for electrons and positrons need a different analytic expression than heavy ions. Equations and tables are given in ICRU-37 [52] , also see Sect. 2.6.
A.2 Total collision cross section M 0
Analytic calculations for M 0 with the Bethe-Fano equations given in Sects. 2.5.1.1 and 2.5.1.2 have been made [28, 53, 106, 107, 108] . Because of the complexity of the optical data, no simple expression similar to Eq. (2.41) is available. The analytic calculations differ considerably from the FVP calculations, Sect. 2.5.2.1. Calculations of M 0 (also called inverse mean free path) have been made by several groups [21] (ORNL, Barcelona) with computer-analytic methods.
A.3 Restricted energy loss
The concept of restricted energy loss was introduced in the consideration of biological effects of radiations. Conceptually it is an energy deposition rather than an energy loss and therefore must be defined for a limited volume around a particle track. The customary definition, Eq. (27.7) in [24] 
is valid for a cylindrical volume around the track with a radius given by the practical range of electrons with energy E cut , see Table 2 .6, Sect. 2.9.2. Because of the small number of energetic delta rays, Fig. 2.16 , a MC calculation should be used for practical applications.
A.4 Ranges
Mean track lengths t (also called path lengths) for particles with initial kinetic energy T u and final mean energy T l can be calculated with the "CSDA approximation"
where dT /dx represents M 1 (v) of Eq. (2.41). Customarily if T l = 0, t is called the particle range.
Corrections for multiple scattering must be considered [99, 109] , and nuclear interactions will reduce the particle fluence, see Sect. 2.3.4. Range data for muons can be found in [10] , for pions, protons and alpha particles in [54, 66] . If T l is finite, there will be an energy spectrum [110, 78] which does not correlate well with the track-straggling, see Fig. 2 
B Rutherford type cross sections
B.1 Rutherford cross section and moments
The Rutherford cross section is given by Eq. (2.8). In order to calculate the moments, Eq. (2.25), integration limits must be defined. The upper limit must be E M given in Eq. (2.2), a lower limit E m , defined e.g. in Appendix B.4, is used.
From Figs. 2.9-2.11 it is clear that no plausible values of E m can be defined from knowledge about atomic structure.
where k = kN A Z/A = 0.1535 Z/A MeV cm 2 /g for an absorber Z, A. The Landau [2] method to deal with E m is given in Sect. B.4.
B.2 Rutherford cross section with shell structure
Inokuti [53] suggested an approximation by modifying the Rutherford cross section for each electron shell s with ν s electrons as follows:
to be used for E J s where J s is the ionization energy of shell s and with a parameter U similar to the average kinetic energy of the electrons in the shell. An application of this approach is described in Sect. III.B of [34] . This structure appears in Fig. 2.9 at least for the K-shell. It is likely that the use of this approximation would improve the FVP method shown in Fig. 2.8 and Eq. (2.24), see ref. [35] .
B.3 Modified Rutherford cross section
In the "ALICE Technical Design Report of the Time Projection Chamber" [63], a modified Rutherford cross section was used, "AliRoot MC"
with the restriction E I < E < E u , where E I is the ionization energy of the gas and E u is chosen arbitrarily to be 10 keV. κ(v) is a parameter chosen to give the value Σ t (βγ = 3.6) = 15 collisions/cm as suggested in [63, Fig. 7 .1]. This cross section is shown by the dotted line in Fig. 2.11 and κ(v)/E 2.2 appears to be a reasonable approximation to the FVP σ(E; v). Note that the Rutherford cross section differs by its slope. The exact choice of E u is not critical as the reader may find by calculating Σ t;A with Eq. (2.45). Further details are described in [55, 112] .
To get a better approximation for Σ t (v) for the scheme proposed in [63] the "Bethe-Bloch curve" was used to define the function Σ t;A (v). This function was obtained from measurements of particle tracks in P10 (mainly by Lehraus et al., [113] ). It is approximated by
and is shown as L[P10] in Fig. 2.17 . Clearly this function also differs substantially from Σ t;F (v). In addition it differs conceptually from Σ t (v). The reason for the difference is that Eq. We see that the AliRoot [63] Monte Carlo calculation does not produce accurate straggling functions. Its attractiveness is that the functions used are analytic.
A modified approach which is just as simple as the current method but will produce more accurate straggling functions consists of • replacing in Fig. 2 
.17 the function L[P10] by Σ t [Ne]
• replacing in Fig. 2 .15 the function given by the dotted line (from Eq. (2.49) by the FVP functions. A single tabulated function might be sufficient [55, 114] .
B.4 Landau-Vavilov-Fano Laplace transform method
The straggling functions calculated by Landau and Vavilov [2, 3] were based on two approximations: the use of the Rutherford spectrum, Eq. (2.8), for the collision cross section and the requirement that the stopping power, Eq. (2.46), (written as α, Eq. 4 in [2] ) give the Bethe stopping power, Eq. (2.41). In order to achieve this, E m was chosen as 34
The value for M 0 then is M 0 = k β 2 · I 2 EM . It is larger than the Bethe-Fano value. Example: Ar, βγ = 3.6 β 2 = 0.93, I = 190 eV, ρ = 0.0016 g/cm 3 , k /β 2 = 120 eV/cm. Then E m = 0.0027 eV, M 0 = 44000 col/cm and M 1 = 2.5 keV/cm. Clearly M 0 is much greater than given in Table 2 .2, while M 1 is quite close. This is plausible from a look at Fig. 2.10 . Since the convolution method, Eq. (2.32), is equivalent to the Laplace transform method [7] , the relative variance of the Poisson distribution, m −1/2 c , as well as that of the convolutions, Fig. 2.19 , will be 2-39 much smaller for the Rutherford cross section, and the Landau functions are narrower, as seen in Fig. 2.25 .
Functions calculated with modifications taking atomic binding into account [20, 115, 116, 117] are too wide, Fig. 2.15 in [34] . The calculation of the correction term D in [117] 35 is incorrect. The correct term is given by Fano (p.42 [20] ), [34] . If account is taken of the limit on E in Eq. (2.34) (E must be smaller than Δ in the calculation of δ 2 [34] ) the Vavilov-Fano functions are fair approximations for thin absorbers, Figs. 11-13 in ref. [34] .
As far as calculation time is concerned they are similar to the convolution calculations. Because the mean energy loss ξ is used as a parameter this method has the advantage that it will be quite accurate for thicker segments. Because of the change in particle speed v, the upper limit of validity of all thin layer methods is reached if the mean energy loss exceeds 5 or 10%, see Fig. 2 of [48] .
